Abstract
The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident in March 2011 resulted in the 12 contamination of Japanese landscapes with radioactive fallout. Accordingly, the Japanese authorities 13 decided to conduct extensive remediation activities in the impacted region to allow for the relatively 14 rapid return of the local population. The objective of this review is to provide an overview of the 15 decontamination strategies and their potential effectiveness in Japan, focussing on particle-bound 16 radiocesium. In the Fukushima Prefecture, the decision was taken to decontaminate the fallout-17 impacted landscapes in November 2011 for the 11 municipalities evacuated after the accident (Special  18 Decontamination Zones -SDZ, 1117 km²) and for the 40 non-evacuated municipalities affected by 19 lower, although still significant, levels of radioactivity (Intensive Contamination Survey Areas, 7836 20 km²). Decontamination activities predominantly targeted agricultural landscapes and residential areas. 21 No decontamination activities are currently planned for the majority of forested areas, which cover 22 ~75% of the main fallout-impacted region. Research investigating the effectiveness of 23 decontamination activities underlined the need to undertake concerted actions at the catchment scale 24 to avoid the renewed supply of contamination from the catchment headwaters after the completion 25 of remediation activities. Although the impact of decontamination on the radioactive dose rates for 26 the local population remains a subject of debate in the literature and in the local communities, outdoor 27 workers in the SDZ represent a group of the local population that may exceed the long-term dosimetric 28 target of 1mSv yr 1 . Decontamination activities generated ~20 million m 3 of soil waste by early 2019. 29 The volume of waste generated by decontamination may be decreased through incineration of 30 combustible material and recycling of the less contaminated soil for civil engineering structures. 31
However, most of this material will have to be stored for ~30 years at interim facilities opened in 2017 32 in the close vicinity of the FDNPP before being potentially transported to final disposal sites outside of 33 the Fukushima Prefecture. Further research is required to investigate the perennial contribution of 34 radiocesium from forest sources. In addition, the re-cultivation of farmland after decontamination 35 raises additional questions associated with the fertility of remediated soils and the potential transfer 36 of residual radiocesium to the plants. Overall, we believe it is important to synthesize the remediation 37 lessons learnt following the FDNPP nuclear accident, which could be fundamental if a similar 38 catastrophe occurs somewhere on Earth in the future. 39
Introduction 43
Large quantities of radiocesium (12-62 PBq) were released into the environment by the Fukushima 44 Dai-ichi Nuclear Power Plant (FDNPP) accident in March 2011 (Stohl et al., 2012; Chino et al., 2011) . 45 Airborne and ground contamination surveys demonstrated that the contamination was the highest 46 (i.e., initial 137 Cs levels >100,000 Bq m Cs) presents the most serious risk to the local population over the medium to long term as 50 it was emitted in very large quantities and it has a relatively long half-life (i.e., 134 Cs -2 years; the migration of radiocesium in soils. Accordingly, the fate of this contaminant was intensively 58 investigated in forest ecosystems (Gonze and Calmon, 2017 ) and cultivated landscapes (Yoshimura et  59 al., 2016), which are the two main land uses in the fallout-impacted region. Typhoons and other major 60 rainfall events were also demonstrated to drive soil erosion and sediment migration processes thus 61 directly influencing post-fallout radiocesium dynamics (Chartin et al., 2017) . 62
Between 2011-2018, there were 578 published studies with the keywords 'radiocesium' and 63 'Fukushima' in the Scopus database ( Figure 1 ). Approximately 90% of these articles were published by 64 Japanese scientists, demonstrating the extensive research effort conducted by the national scientific 65 community in Japan on the processes occurring in this post-accidental context. Since the second half 66 of 2013, remediation activities started to be implemented under the supervision of the Japanese 67 authorities to decontaminate soils. These activities have significantly affected the spatial and temporal 68 redistribution of radionuclides in the Fukushima-impacted area. As decontamination is now completed 69 in many regions and more than 50 scientific studies have been conducted on different aspects of these 70 operations (Figure 1 ), synthesizing the results obtained by this applied research is important for the 71 scientific community. Of note, this review will not synthesize non-peer reviewed reports published by 72 the Japanese authorities, although numerous resources are available on the official websites of 73 multiple Japanese ministries (Table 1) . 74
Although radiocesium is mainly transported in particle-bound form in the Fukushima fallout-impact 75 area (Konoplev et al., 2016) , dissolved radiocesium was found in numerous environmental 76 compartments, primarily during the immediate post-accidental phase (Yoshimura et al., 2014) . As most 77 of the dissolved radiocesium migrated through these landscapes immediately after the FDNPP 78 accident, this literature review will focus on particulate radiocesium. Furthermore, as 3 with a summary of their cost effectiveness. Third, the impacts of remediation activities on dosimetry 88 will be summarized. Fourth, the initiatives to manage the large volume of waste generated by 89 remediation will be discussed. Fifth, major research questions and requirements to guide the future 90 management of Fukushima fallout-impacted areas will be identified and presented. The objective of 91 this review is to provide a synthesis of the remediation lessons learnt in Japan following the FDNPP 92 nuclear accident, which are fundamental in light of the potential for a similar catastrophe to occur 93 somewhere on Earth in the future (Christoudias et al., 2014 According to the decontamination roadmap, the remediation programme had to be implemented in 106 'special areas' where targets were set for the exposure of the public to external dose rates in order for 107 residents to return to their day-to-day lives (Yasutaka and Naito, 2016) . Achieving pre-accident 108 radiation levels is not the objective, rather the effectiveness of decontamination will ultimately depend 109 upon the land use and the air dose of each particular area. Two zones were delineated with different 110 strategies for remediation ( Figure 2 , and replaced with a 5-cm layer of 'clean' soil (measure A1; 
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In the second scenario, measure A1 was applied to all cultivated land. Similar measures (e.g. The decontamination program includes a variety of other activities on top of the actual on-site 153 remediation works, including the transport of waste, the volume reduction of waste along with the 154 temporary, the interim, and the final storage of decontamination waste and removed soil in 155 containers. Depending on the set of measures implemented in the field, the cost of the remediation 156 works will therefore be highly variable. A synthesis of the unit costs for waste management and storage 157 is provided in Table 3 (Yasutaka and Naito, 2016). As shown by Yasutaka et al. (2013b) , the quantity of 158 waste generated when decontaminating agricultural land varies considerably depending on the 159 decontamination method used. Consequently, differences in the quantity of waste generated resulted 160 in large differences between agricultural land decontamination methods and the costs associated with 161 storage containers, temporary storage sites and interim storage facilities. 162
According to the latest available figures from the Japanese Ministry of the Environment (2019b) at the 163 end of 2018, the volume of soil waste generated in the SDZ was 9,100,000 m 3 with a remediation cost 164 of approximatively 1.5 trillion JPY (~12 billion EUR). In the ICAs, the latest figures available for March 165 2018 showed that 7,900,000 m 3 of waste soil were produced with a remediation cost of approximately 166 1.4 trillion JPY, equivalent to ~11 billion EUR (Japanese Ministry of the Environment, 2019a). 167 ) was significantly higher in 2012 than in 2011. This 216 result suggests that radiocesium is likely redistributed through the rice paddy field irrigation and 217 drainage networks. The authors concluded that the redistribution of soil within the paddy fields may 218 decrease the effectiveness of decontamination. A lack of replicates was outlined by the authors and 219 prevented them to finally conclude on the effectiveness of surface removal for decontamination (Sakai 220 et al., 2014a Riverside parks and playgrounds are popular across Japan. Sediment containing high quantities of 258 radionuclides may also accumulate near these parks and playgrounds in river channels and floodplains 259 following flooding events (Saegusa et al., 2016) . However, sediment deposition is highly 260 heterogeneous both horizontally and vertically across floodplains. Furthermore, sediment deposited 261 in the river channel may be resuspended during subsequent flood events. In these conditions, the 262 common decontamination guidelines (i.e. removing the uppermost layer; Table 2 ) are difficult to 263 implement effectively. 264
Nishikiori and Suzuki (2017) investigated this challenge in the 13-km² Kami-Oguni River catchment, a 265 tributary of the Abukuma River, in the Fukushima Prefecture. Decontamination of a 170-m long and 8 266 to 13-m wide river section isolated from the floodplain with 2-m high concrete dikes was studied, as 267 the roads located on top of the banks were used by children to go to school. First, all the plants were 268 7 removed from the channel. Then, the top 5-cm layer of sediment was excavated from the dike slopes 269 and planted with turf. Afterwards, sediment was removed from the channel, and the removal depth 270 (between 15-35 cm) was locally adjusted depending on the vertical distribution of radiocesium 271 measured using a NaI scintillation detector before, immediately after, and then three months after the 272 remediation campaign. In addition, sediment samples were collected along transects at various depths 273 in the floodplain and analysed with coaxial germanium detectors. Radiocesium contamination strongly 274 varied with depth, depending on changes in the mud versus sand fractions, the former being enriched 275 in radiocesium. Radiocesium concentration also varied across the channel, depending on the local flow 276 velocity, which varied depending on the flood magnitude, the plant density and the microtopography. 277
Before decontamination, air dose rates 1 cm above the ground varied between 0. 
Forest decontamination 284
The guidelines for the decontamination of forested areas in the Fukushima Prefecture ( Table 2)  285 indicate that only those areas lying within 20 m of houses should be targeted for remediation (Yasutaka 286 and Naito, 2016) (Figure 4 ). Although the remediation in forests has not been a priority for the 287 Japanese authorities during the early post-accidental phase, pilot studies were conducted to quantify 288 the potential effectiveness of wider remediation programmes. ) were not significantly higher 354 than those of farmers (0.7-1.5), builders (0.6-1.5), office workers (0.5-1.5) and unemployed 355 individuals (0.5-1.7). In contrast, decontamination workers (0.5-7.1) were found to have significantly 356 higher dose rates (Orita et al., 2017) . 357
The workers involved in decontamination activities were often directly exposed to internal irradiation 358 through inhalation, which is much more difficult to measure than the external irradiation. Accordingly, 359 https://doi.org/10.5194/soil-2019-43 Preprint. , the reduction in annual individual additional 385 ED was much larger in those areas where the full decontamination scenario would be implemented. 386
From the aforementioned research on river channel decontamination, the external radiation dose was 387 calculated for paths along the river used by children to go to school and the nearby playgrounds used 388 for outdoor activities incorporating an adapted time of exposition (35 h yr -1 for commuting and 24 h 389 yr -1 for outdoor activities) (Nishikiori and Suzuki, 2017) . After decontamination of the river channel, 390 radiation dose rates decreased by a factor of approximately 2. These authors stated that the optimal 391 strategy should be to reduce the annual individual additional ED as much as possible for the whole 392 population, while also decreasing high dose individuals (Yasutaka and Naito, 2016) . Indeed, the 393 authorities should not only assess the cost-benefit effectiveness of remediation programmes, they 394 must also consider ethical and social costs (Oughton et al., 2004) . 395 396
Treatment of decontamination waste (soil, vegetation) 397

Waste management 398
The management of waste generated by the succession of catastrophes that affected the Fukushima 399
Prefecture in March 2011 has proved to be very complex, as debris derived from the earthquake, the 400 tsunami and the radioactive materials were mixed, resulting in a very atypical mixture of 'disaster 401 waste' (Shibata et al., 2012 well as a treatment system in order to control the potential release of radioisotopes into the 417 environment (Parajuli et al., 2013) . Therefore, either specially designed landfills need to be constructed 418 or pre-treatment methods need to be designed to remove radionuclides from the waste. This issue is 419 crucial as the construction of temporary storage sites and interim storage facilities were estimated to 420 account for 50% of the overall cost of decontamination. For example, transport, storage and 421 administrative costs were estimated to represent a cost of 1.55-2.12 trillion JPY (~12.4-17 billion EUR) 422 for the decontamination scenarios complying with the guidelines of Japanese authorities (Yasutaka 423 and Naito, 2016). Furthermore, securing routes and locations for transporting more than 20 million 424 tonnes of decontamination waste and removed soil that were generated to the interim storage 425 facilities remains a major challenge. Nevertheless, assessing the management and storage of low-426 concentration radioactive cesium-containing soil and methods for using controlled landfill sites may 427 lead to a significant reduction in the amount of material requiring transport. 428
The combustible waste generated through decontamination was initially stored at temporary storage 429 facilities ( Figure 6 ). The volume of this waste was to be reduced by incineration, and the incineration 430 ash was transferred to interim storage facilities. In 2013, the Japanese Ministry of Environment made 431 a plan stating that incineration ashes with high 137 Cs concentrations and leachable characteristics 432 should be stored in concrete shielded structures facilities. After being transferred to interim storage 433 facilities, incombustibles (e.g., soil) were planned to be stored at soil storage facilities in the interim 434 storage facilities (Yasutaka and Naito, 2016). The interim storage facilities are to be built in the areas 435 neighbouring the FDNPP (i.e., in Okuma and Futaba municipalities), while the temporary storage sites 436 were planned to be built in six municipalities in the SDZ (i.e., from North to South: Iitate, Minamisoma, 437
Katsurao, Namie, Tomioka and Naraha municipalities). 438
Contaminated soil removed by decontamination works is transported to an interim storage facility 439 where flammable decontamination waste (DW) is incinerated or melted to reduce its mass and 440 volume. Depending on its radiocesium content, this waste is either stored at an interim storage facility 441 or disposed in a leachate-controlled type of landfill site (Fujiwara et al., 2017) . The total surface area 442 of the interim storage facilities in Futaba and Okuma municipalities is planned to cover ~1600 ha, and 443
by are produced with similar levels of radiocesium, both with low radiocesium leachability (<1%) (Fujiwara 463 et al., 2017). Radiocesium levels in the exhaust gases were found to be lower than method detection 464 limits (Parajuli et al., 2013) . 465
Incineration ash treatment 466
The chemical form and the leachability of radiocesium depends on the type of waste incinerated. 467
Results observed for three different types of ash samples suggest that 137 Cs along with other alkali 468 metals in wood bark and household garbage ashes, originated from burnable materials, were mostly 469 washed out with water even at ambient temperatures. However, municipal sewer sludge was 470 different, with potential
137
Cs elution only occurring under very specific conditions (i.e., with acid 471 treatment and under high temperatures). Acid treatment at high temperatures was found to be 472 inappropriate for treating wood bark and household garbage ashes because of the generation of a Ca 473 excess leading to gypsum formation and complexifying the subsequent treatment process (Parajuli et  474 al., 2013). 475
Soil recycling 476
As 22 million m 3 of decontamination soil (i.e. 90% of the total) and incineration ash waste (10%) is 477 expected to be produced through remediation of the fallout impacted region, recycling may be 478 instrumental for reducing this volume (Takai et al., 2018) . The Japanese Ministry of Environment 479 developed a policy to separate decontamination soil into low-and high-activity soils, the former being 480 'recycled' in public projects. In these uses, decontamination soil will be used for the basic structure 481 and will be covered by uncontaminated soil or concrete. In theory, the unconditional 'clearance level' 482 defined by IAEA for the use of recycled material is fixed to 100 Bq kg -1 for radiocesium. However, as 483 disaster waste was found with higher 137
Cs levels, the Japanese Ministry of Environment decided that 484 those materials with radiocesium levels up to 3000 Bq kg -1 can be reused at a minimum depth of 30 485 cm underground (reference level assessed for recycling of concrete for the road subbase course). For 486 decontamination soil recycling, the radioactivity level had to be reanalysed for a different type of 487 engineering structures (deterministic estimation of radiation dose rates). The corresponding level of 488 radiocesium concentrations in the soil was estimated to 6000 Bq kg -1
. To confine doses to levels below 489 10 µSv yr −1 based on the derived radioactivity level, an additional layer of soil slope protection of 40 490 cm or more was needed. Accordingly, the Japanese Ministry of Environment determined the maximum 491 radioactivity level to be 6,000 , which corresponds to half of the total amount of decontamination soil 499 generated. The radioactivity concentration of 8,000 Bq kg −1 will decrease to 6,000 Bq kg −1 in 5 years. 500
Therefore, more than half of the total decontamination soil should become recyclable in at least 5 501 years. Through the use of pre-treatment activities, such as classification processing, even more 502 decontaminated soil may become recyclable in the non-too distant future (Takai et al., 2018) . 503
Soil remediation 504
Remediation of contaminated soil based on a hot acid treatment was tested for the two most common 505 soil groups found in Fukushima (Parajuli et al., 2016b) : Cambisols (i.e. brown forest soils) and Andisols 506 (i.e. soils developed on volcanic ash). Although this method was shown to be effective for the former 507 soil type, this was not the case for the latter. In particular, lime must be added to treat Andisols which 508 must be mixed with untreated and uncontaminated soil prior to being reused for cultivation. 509
Furthermore, to avoid the transfer of residual radiocesium to plants, additives such as zeolite or 510
Prussian blue adsorbents need to be incorporated into the Andisols. The problem associated with this 511 strategy is that, through their ageing, zeolites may increase The total estimated decontamination cost would exceed 16 trillion JPY (~128 billion EUR) if all forested 518 areas exposed to radiation dose rates exceeding 1 mSv yr -1 were decontaminated. However, 519 decontaminating all of the forested areas would not result in a major ED reduction for the average 520 inhabitant (Yasutaka and Naito, 2016) . As almost 70% of the surface area of Fukushima Prefecture is 521 covered with forests (Hashimoto et al., 2012) and forestry is a significant economic activity in the 522 region, future research should prioritize investigating radiocesium dynamics in these regions. In 523 particular, the biological cycling of reservoir draining fallout-impacted cultivated and forested landscapes, with the latter supplying a 537 mean of 27% (SD, 6%) of the material deposited in the lake. These conclusions were validated through 538 an analysis of a larger number of sediment samples (n=400) collected in coastal river systems in the 539 13 Fukushima region over a longer time period (from November 2011 to November 2017) where a mean 540 of 24% (SD, 21%) of the material transiting these systems was modelled to be derived from forested 541 landscapes (Evrard et al., 2019) . Cumulatively, these results demonstrate that forested landscapes 542 represent a potential long-term source of particulate contaminated matter that likely will require 543 diligent management for the foreseeable future. 544
In cultivated landscapes where the remediation activities were concentrated, the main question is 545 whether or not to restart agricultural production. The removal of the topsoil layer concentrating the 546 radiocesium, the replacement of this material with crushed granite extracted from local quarries and 547 the final mixing of the entire profile to prepare the soils for re-cultivation raises several important 548 questions. For example, to what extent will the residual radiocesium in the soil be transferrable to the 549 plants cultivated on these soils? How will the crushed granite, which was homogenized into the soil, 550 affect the soils fertility? Recent research showed that potassium fertilization is required to maintain 551 productivity when restarting cultivation after decontamination (Kurokawa et al., 2019) . Indeed, as it 552
was demonstrated in the current literature review, the reopening of the region after the completion 553 of remediation activities represents a unique situation in history, coupled with unprecedented 554 challenges that require further ongoing investigations. 555
Although previous dosimetric studies demonstrated that currently the internal exposure of both the 556 local population and the decontamination workers remains minimal, both internal and external 557 exposures of these groups should be studied over longer temporal periods to help understand long-558 term impacts of this and potentially other nuclear accidents on exposed population groups. More 559 research is also required to understand the fate and dynamics of other longer-lived radionuclides in 560 the be persistent in the environment even though many were emitted only at the trace and ultra-trace 563 levels. 564
Conclusions 565
The quick and early decision of the Japanese authorities to decontaminate FDNPP fallout impacted 566 landscapes was unprecedented. Decontamination activities were rapidly implemented in agricultural 567 and residential areas covering a surface of ~9000 km². These remediation activities produced ~20 568 million m 3 of soil waste in less than 6 years (2013-2019) with an approximate cost of 3 trillion JPY (~24 569 billion EUR). The strategy of removing the surface layer of the soil concentrating 137 Cs was shown to be 570 effective in cultivated land when the strategy was applied at a catchment scale to avoid the supply of 571 mobilized contamination from the headwaters. The main current challenges are associated with the 572 treatment and the transport of this waste to the interim storage facilities for the next ~30 years that 573 are being built near the FDNPP. The re-cultivation of the soils after decontamination also raises several 574 concerns. In particular, more information is required regarding soil fertility after decontamination and 575 the potential transfer of the residual 137 Cs to the plants cultivated on decontaminated fields. 576
The risks of internal and external radiation dose exposures of the decontamination workers and the 577 local population to exceed the target of 1mSv yr 1 appeared to be low during the early post-accidental 578 phase. However, dosimetric monitoring programmes should be carried out to confirm this result over 579 the longer term, particularly after local population returns to the region. Furthermore, as ~75% of the 580 surface exposed to the highest 137 Cs fallout levels in the Fukushima Prefecture are covered with forests 581 where decontamination was not implemented, the perennial contribution of radiocesium to the river 582 systems draining these mountainous, forested landscapes exposed to typhoons should be 583 investigated. The behaviour and the dynamics of longer-lived radionuclides such as plutonium isotopes 584 https://doi.org/10.5194/soil-2019-43 Preprint. Discussion started: 1 August 2019 c Author(s) 2019. CC BY 4.0 License. 14 should also be studied in the future as they may persist in the environment for long timescales even 585 though they were emitted at trace and ultra-trace levels. 586 587 
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